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RAPID EXCPANSION OF M1ETAL CYtITERS U14DM~ EXPLOSIVE TL)A!)fl1 I
STUDIES OP INITIAL rMXAANSIONS WITH THE R~OTATING MMkIOR CAIjRA

Prepared by:

A.D. Solem.
3..Sin~leton, Jrv.

L iprojod by: \ ~ '~
&Chef /Dotdn~tion Division

IaSTIL7AC-ro Va~e e: an3ion) rates of 13t-ei and aluminum cyl-Inders
(2.0 itich inaide ~riiaetez' with wal' thiclaieases betwo-en 0.0
"'o 0,5 Inch) when accelerated by detonation of CorpoaltionA~
axploasive filing hrmve been studiedi befo2-a a rotatinm. mirror'.
ali1t camara * These data ares desired f'or an accurate determ' na-
-,ion or' Initial. fra~pent velocltle3 anrd accelerat tons, A
%,ompari.s3on is rnade c-f the observed value~s, tha aurney ve7oC-t.e,-
and the frag~ient vel.ocitiez measure-I on the !K0L fragt-.int
velocity range. Fay pro-per clioice of thae 0ui'nay constant., the
7elocities calculated by th Gurriay for'iaula may be broughtt "'.rto
good a[,ree:.ent with the ob served values in the region above

* 0.05 Inkchea3 wall for steel,, and 0.1 Inch wall for aluminni.
iWor thinner cases the observed velooities divarge conaiderc..blv
xfro the Gurney predictcd values3. A discuzsion is given con-
cerninr- the effectiveness of the rotatinS mirror camera .
1-1raea,'at-lon workc cnd thei e:rrors t~ad azsum-itlons which mzter
flnto irnterpretation of the data obt:a-ned,
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The workc pres~ent;ed In this report has been undertaken
for the purpose of Inveatigating initial velocities of
fra~ients comhing from ex:p~cUing cylinders over a range of
wall thlolmesses down to zer:o Wall. The problem has been
con3ide;:ed by earlier workevs., but not in detail. Referei*.e3

(a),(e),(K. and (-) at the end o."' this report give the
earlier work. This Inve.stisation has been perfor-med under
Task NOL-Re2e-352-53 * The data prosented and the concluwiic*,Is
drawnx a ,e of a preliminary nature.

The autho-rs rishi to ackcnowledge the ansistance of
T.P. Liddl.az d who fuLnisiv. d r,ay valuable experinental
t.3chr-iiques-. 7he authiors also are Indebted to D. Danielson &lid
H. Ct'lrt:ts who did rni~ch of' the e:qporJ5r.(ntTa1, rork, and T.W. Froyd
.v.io Ezast 3t"ed in an I-313 of the data.
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RlAP ID EXPPYSION OF FAXTAL CYLIRDERS MiDER EXPLOSIVE LOAD)ING I
STUDIES OF IN'ITIAL EXPANSIONS VITH THlE ROTATING 1M i2OR CAMERA

INTRODUCTION

1. KnowledGe of fragment cca, leations and velocitiecs fr'om
cases under explosive loading Las required in any fragmentation
or explosive-metal Interaction study. The earlier work~ of'
Gurney, Reference (a), has been of considerable value in
attempting to predict initial frament velocities from cy21':0eal
cases. In~cluded In his formulr. was a multiplying constant
which was dif'ferent for each exploaive and was obtained by curve,-
fitting to observed data,* It al Bso Statea by Gurney that
agreement with experime~ntal velocicleo wva not necesoarily
extrapolate to zero wall thicki3.;3 whtere little datta were
available. 1he depzertuwc of tha predicted Gurney velocities from
observed velocities w&3 considered of sufficient importance to
be further lnveitlr, >ted, becaw.o such studies would lead to a
more detailed cons.ia;7ation of tiie b,7drodynamic process invuolved.

* It could also lead to C_ better uniderstanding of the fragmntation
of cased charges other than thco3e having cylindrical symeti-y,

* 2, Convertionail nothods of measur'ing fragmiet velocities..
References (b), (a) and (d), are not satisfactory for thin walled
cases due to difficulty In observtng small frapmets in motion.
Expanding cylinders have been studied with primacord-.shutter
cam~era and explodinZg flash lamps, Reference (e) through (g). The
resolution obtained In this workc Is# however# rather poor. It
was beleved that a rotating mirror'-lit cameras Reference (h).,
could be used with greater resolution since a similar arrangem~ent
has previously been used successfully with a rotating drin-..slit
camera to study shock from charges detonated In air, Reference (i)*
A scordary purpose of the teot was to investigate the rotating
mrror-slit camera as a fragmentation tool in wiucih the nature Of
fragmnt accelerations could be resolved.

3. Xn the present series of tests$ fragment velocities ater
aceleration have been obtained for 2 inch Insid diameter steel
and aluminm cylinders of different wall thicknesses when
expended by detonation of Composition B explosive. ?bese veloc-Itiez ,

aecompared tothe prdcedvle and h poin fdprueo
* the Oware formula noted., The results obtained Are also COMpard,

after application of retardation tbeorr, Hefree () to the

veloctiesdbtaled fr si irclue aths tsmn

. -,
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velocity ranrge. Agreement is good for steel fragmcnts where the
rctardation effect is fairly well knovm. The agreraent for
(..t dnum frua~nnts also appears to be satisfactory for, the amoi-nt
of Informition available on this type of fragment. Cn the basis
or other un~,ublished work at NOL concerning shook reflections
in metals, it was expected that velocity jimps would be observd
In this method of observing fragment velocities. However, up to
the preaent time, such velocity changes have not been clearly
noted. As a matter of definition, by initial case velocity is
meant the velocity of initial expansion. Terminal case velocity
is defined as that velocity at which the caae vents, The terminal
case velocity is thereiore the Inltial fraoment velocity.

EXPERENTAL PROCEDURE & COMPUTATIONS

4, Test t q1,eaeunt. Pigure 1 shows the general experimental
arrangeme:it u3cdct t1hnae tests. The cased charge was mounted
on a stani Inside tha bombproof such that the cross-section of
the cylin,er to be observed was in the alit line projected out
from Vie ca:zala. 1,,e axis of the cyl.nder was oriented perpen-
dicula' to tha clit line In a horizontal plane. The cylinder "es
back-1h6Wed by an exploding wire light source, Reference (k),
also locatel ailong the projected slit line. A mirror on the
sta.d peraittad orientation of the cylinder so that fragments
would not fly into the bormbproof window which protected the
camera. The drdow was further protected by a thin sheet of
lucite which Stcpped occasional ricochets &nd fogeirg by explolive
gases,

5. A standard rotating mirror--slit camera, Reference (h),
outside the bombproof was used to record the expansion. It
contains a slit which is perpendicular to the image travel on
the film drum. The light and explosive charge were synchronously
triggered so that the light flashed just as the detonation
swept past th- point of the cylinder under observation. A
silhouette of the case motion as a t--t plot at the slit line was
obtained on the film. Figures 2 anF 3 show typical enlargements
of the reaord3, The camera was focused on the top surface of the
cass to give a sharp silhouette. The slit width was that
ordinarily used In detonation studies with the camera. The records
were considered satisfactory without further adjustment. A
still picture of the charge was taken at one end of the film.
This picture was used to compute the object-image ratio of the
streak record.

2
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6., Comutation of Velocities, The method by which the camera

data were reduced to the apparent case velocities along the
slit was conventional. The negatives were enlaaged to give a
one and a half to double magnification of the original cylinder
size and a plot was made of vs t. Distances along the
direction of the print scaled directly to distances on the plot
with multiplication by the magnificatlon factor. The time
axis of the camera is a calibrated function of rotor speed and
drum radius. Thus distances along the t direction of the print
scaled directly to time on the plot by use of an accurately
knotm enlarging factor. In this camera, the reflecting surface
of the mirror does not rotate on the axis of the film drum,
therefore, the magnification is a function of distance along the
film. The records, however, were of such a short length that
no correction had to be made. (Units chang:ed less than 0.2 per cent
over the record). From the y vs t plot the case velocity ias
calculated at any point as iy/At. Principle interest at this
time was in the terminal velocity of the case e;xpansion3  This
is the velocity after accolJration had t.n place, and .as
computed from the straight line region of the records Just belize
the explosive gases vented through the cracks in the cylinder.
In most instances this ventiug point .,;as eEay to iccate. Tile
records also showed the mode of acceleration of the case. It ir
planned to analyze this phase of the case .tudCs in the futur.,

7. The photographic records gave an apparent velocity along the
slit. This, hoiever, was not the true velocity of the expinad:i:
cylinder. As the cylinder expanded radially it stretched little,
if any, along its length. Thus, ;ith respact to the slit, the
point of the cylinder orginally under observation moved, after the
detonation passed, in the direction of detonation as well as
outward. As the expansion increased, the points of the cylinder
at the slit came from earlier accelerated regions of the cylinder°
The apparent velocity was therefore greater than the true velozlty
of any one point of the cylinder since the method of recording
shortens the time coordinates.

8. The case velocities can be computed if it is assumed that the
case expands as an inelastic but plastic medium in the manner
given by Taylor, Reference (1). The coordinate system is chaned
from one at rest with the detonation front to at rest with the
cylinder or slit, In Taylor's theory, working with the detonation
front at rest and assuming steady state conditions, the initial
fragment velocity is given bys

3ZDsi,-
2.

4 3
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Ferep is the detonation velocity and g is the anale the
ev-4edr wall makes with the cylinder axis after detor-ation
(instantaneous picture of expanding cylinder). Consider now
the system ith coordinates at rest with respect to the slit.
In time M. the detonation point has moved a distance b =UM
past the -lit, taking t. equal to zero as the time at which the
detonation passes the slit. In this same time, the cylinder
has expanded a distance on the slit. From Figure (4) it is
seen that

CX o=to crct(- ±L

The apparent velocity, 5. computed from the photographic
negative is

Therefore

D

and the trre Initial fragment velocity is

DISCUSSIO OF M(PEAL RESULTS

9. X.tentjqfyeAstj.. The cases were loaded with Compgsition B
explosive, with cast density of 1.68 grams/centineter. and a
computed detonation velocity of 7850 meters/second. Expansions
for the following cylinders have been obtained:

(a) in air. Length, 5.0 Inches; inside diameter,
2.0 inches; slit location, at center of cylinder.

Wall Thicknesses in Inches

Aluminum Steel

o.o62 0.0
* ~0.125OO6

0.250
0.375 0.250
0.500

COMMDMSTIAL
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(b) In helium (atmosphere pressure). Length;
5.0 inches; inside diameter, 2.0 inches;
slit location, at center of cylinder

Wall Thicknesses in Inches
(Aluminum Cases Only)

0.000 (uncesed)
0.002
0.005
0.125
0.250

(c) In helium and air. Length 12.0 inches;
inside dicmater, 2,0 inches; slit location
2.5 inches from free end

Wall Thickners3ea in Inches
(Aluminum Cases Only)

Uncased in heliLm
0.125 in air
0.500 in air.

Initiation was by a pentolite-baratol plane wave booster. The
altminum cylinders were machined from 2-S seamless tubing; the
steel cylinders were machined from A131 1045, stress relief
sernmless tubing in the as-is condition (Rockwell 30-B). Tables
I, II, and III give experimental appar'ent and corrected initial
fragment velocities for the individtial charges. The initi,1
fragment velocities calculated by the Gurney formula for the
cylinders are also given for comparison. The average velocities
for each of t;he different condltion3 are given in Table IV.

10. It iS to be noted that there is considerable spread in the
results from identical shots. 'rho photographic records can be
an.lyzed to an accuracy of better than 1 per cent. It is further
believed that the experimental technique measures velocities to
an accuracy of better than 3 to 4 per cent. Therefore, all of
the spread cannot be attributed to measurement errors, Actual
differences in the velocities may be caused by small variations
in the oases, the explosive, and the interaction of explosive
gaves with the expanding cases. This is a problem even more
acute in ordinary fragment velocity measurements where velocity
spreads on the order of 25 per cent are obtained for fragments
from one case. The test conditions here have been standardized as

CONFIDENTIAL
SECURItTY WOMAWTION
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far as seemed practicable. The velocities obtained are
taken as representative values for Individual cases, The
representative velocity for any set of experimental conditions
is talcen as the mean of the individual values. A reproducibility
5tudy would be needed to show the validity of this assumption.
11. Jelim Apnophere. Air was a catisfactory at osphere In

which b-o observe th-e cpansion of these cylinders except whea

the cylinder walls were thin (0.1 inch c:, so). The shock in
front of the expanding cylinder then beccme so luinous that
the cylinder motion could not be followed. Several shots in
addition to those giver in Table I have been fired, but they
had to be discarded because the records could not be used
for this reason. The series of shots In helium were fired to
test helium as a substitute atmosphere. There is little or
no lIzinosity from helium in the region of initial expansion,
even down to the uncased charges. Helium, therefore, can be
used as the atmosphere whenever air is urnsultable. A little
experience wi give the wall thic~kess at w hich the change
from air to helii must be made. The exrsriment was nct
accurate erourh to detect the difference between expansions Into
haliuw1 and into air for the thicker eases. For the uncased
charges, the exparoion into air was so mosked by shock light
t.iat no comoariion was attenmpted. Te series of shots with ;he
long cyliaders 1;ere fired to see if steady state conditions
ware obtained i:hon the short cylinders were used. There
was no evidence to indicate a lack of steady state for the
siort cylinders, This was as expected since plane wave
boosters were used for initiation.

12 atureofReguat8. Figv:'e 5 shows a plot of the initial
f?agraent velocities as a function of case wall thickness.
Cotmpared with these are values of velocities for similar cas;s
calculated by the Gux'ney formula, Reference (a),

where C and M are the explosive and oase weights per unitlength respectively, and the constant K has the value 9500
feet/second. Better agreement of the Gurney velocities ith
the observed velocities is obtained if a value of 8350 to
8r500 feet/second Is used for K. The fit holds only for the
thicker walled cylinders. The Gurney formula does not predict
the velocities for cases of wall thickness less than 0.1 inch.
Figure 6 gives a comparison of observed initial fragment
velocities as a function of equivalent cylinder weight for the

6
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two types of cylinder. It appears that only the mass of the
cy: .inder wall is important in influencing fragment velocities.
The physical properties of the wall enter as higher order
effects.

14. While the nature of the wall accelerations has been
noted, It has not been considered in detail. Figures 7 and 8
show the mean expansions along the slit line for the different
cylinders. The acceleration jumps which have been observed
here at NOL in studying detonation interaction with thin
alminum plates at normal incidence were not apparent in the
case expansions. It may be that in the present experiment,
the Jumps are not as pronounced as in the plate experiment, or
it may be that the resolution of the system is not suificient
for this observation.

15, For comparison, the initial fragtent velocities measured
with the rotating mirror camera have been compared to the
velocities of fragments froa identical cylinders measured in the
NOL fraguent range. Table V indicates the cylinder sizes
coisidered and shows the velocity comparison. The methods of
measuring velocities are not identical in that the former gives
the initial fragent valocities and the latter gives the
velocities about 9 feet from the cylinder. Some type of
retardation adjustment must be used to translate the second
group of velocities back to the cylinder for direct comparison.
Asnuming a standard retardation law, Reference (m), the
adjustment is

Vromqc¢. = Vt t ,

where is the drag coefficient, & is mean presented area of
the fragment, m Its mass, e the density of air, and I the
distance of travel. The exponents-Kpts and the K#, values
needed for agreement are given in Table V. For the 0.25 inch
steel cylinder these are the values for a roughly cubical
fragment of mass 1.5 grams with drag coefficient of 0.4. For
the aluminum cylinders the exponents and hence the K a/ values
are much larger than experience with steel frapents WOuld indicateo
For aluminum fragments as for steel fragments It is believed tAat

should be somewhere between 0.4 and 0.6. This means that the
ratio '%/" is large for aluminum fragments Implying a ltrge presented
area and/or a small mass. The range records show that the larger
aluminum fragments travel in a manner to maximize presented
area. Recovered fragments show extensive thining of the
wall (a low mass). On this evidence the comparisons are considered
reasonable.1 7

4OPhBTA
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SUMMARY

16. It has been demonstrated that the Gurney formula does not
appear valid when very thin cases are considered. The nature
of the departure has been shoim for 2.0 inch inside diameter
steel and aluminum cylinders loaded with Composition B
explosive accelerated by a plane wave detonation directed along
the axis. it is assu-ged in the Gurney development that the
contribution to the kin-3tic energy of the system made by the
detonation of each unit mass of explosive is the same in all
types of projectiles. The kinetic energy per unit length is
then equated to the explosive energy, It is also assumed that
the gas velocity is proportional to the distance from the
axis of the cylinder. However, the Gurney explcsive constant,
which is proportional to the square root of the explosive
energy, im.ust be calculated from experimental data. It is
possible that for thin-walled cases, the kinetic energy
distribution of the system is changed so that the explosive
factor i3 no longer constant.

17. These tests have also demonstrated that the rotating mirror-
slit camera can be used profitably to study the problems
associated with cylinder exparsions and initial fragment
velocities. The system does have limitations: (a) only one
expansion or velocity is obtained per shot and (b) the range
of expansion or frarnnt travel is small. However, it can be
adapted to problem ubSch :annot be handled other'iise and it
will furnish data oi a -ype not duplicated by other means.

I

8 j
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TABLE I

ALUMINUI4 AND STEEL CYLINDER VELCITIES IN AIR
(2 inch ID; Composition B Explosive)

Case Wall Apparent Initial Gurney
M~ateria~l Thickness Velocity Velocity Velocity

(in) (n/sec) (m/sec) (m/sec)

Steel 0 03125 3290 3090 3240
(1/32) 3390 3180 3240

04062 25T0 2470 2770
(1/16) 2270 2200 2760

2280 2210 2750
2600 2500 2760
2500 21'10 2750

00125, 1960 1920 2200
(1/8) 2000 ' 1950 2190

1940 1900 2200

05 1320 1301670
(1/4) 1430 3.410 1660

Aluminwr, 0,0625 4200 3810 3450
(1/16) 4100 3730 343

4090 3720 3440

0.125 3060 2900 3090
(1/83) 3030 2j880 3110

3390 3180 3110

0,1290 2270 2200 2460
(1/4) 2330 2260 2460

2200 2140 2460

0.71820 1790 2090
(3R 1990 1940 2090

1900 180o 2090

0.500 1610 1590 1830

1500 1480 1830

9
CONFIDENTIAL

SECURITY INFORMATION



CONFID)ENTIAL
NAVORD Roport 2768

TABLE II

ALUMINUM CYLINDER VELOCITIES IN HIELIUM
(2 inch In; Compo0itiona B Explosive)

Calculatedi
Wll Apparent Initial Gurney

Thickness 'Velocity I Velocity Velocity
(in) (rn/see) (r/sec)* (r/see)
030 98 672o 4090

0,002 9200 6570 4060
890 64~6o 4060

0,005 766o 5920 4000
6730 5450 4020

0,125 2990 284~0 3070

0.250 220 2210 2440

ELV. TCIN ALUDIINT,! CYLINDE 1"LOCITIES
(2 inch D3); Composition B Explosive)

CaLeulated
Wall1 Apparent Initial Gurney

Thlcl:no-., 1 Velocity Velocity Velocity
(in) m/sec) (nsc) I(r/ee)

-7:0- 9880*-- 6820 4090
0.125 3280 3080 30-10

0.500 1640 1610 1820

1610 1580 1820

10
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TABLE IV

AVERAGE VELOCITIES FOR ALUIUM APM STFEL
CYLINDERS IN HE~LIUM AND AIR

(2 inch IDI Composition B Explosive)

Case Wall Medium Initial Gurney
Material Thickness, Velocity Velocity

______ (iLn) (Mn/600) (m/sec)

Uncawed 0.0 He 6770 4090
Steel 0,,03125 Air 3140 3240

0,10625 Air 2360 2760
o0.125 Air 1920 2200
0,250 Air 1360 1670

Aluminim 0.002 ij6520 4060
0.005 HIN 5690 4010
0.0625 AIr 3750 34410
0.125 Air, He 2980 3070
0.250 Air, He 2200 2460
0.375 Air 1860 2090
0.500 Air 1570 1820

TABL3, V

COMPARISON 0F VELOCITIES MEASURED BY ROTATING
MIRROR CAM4ERA AND FRA0G4ENT VELOCITY RANGE

Case Wall Initial RangeA
Thicknessj Velocity Vlocit for ad-lustment

__________I (r/see) r/ c) _ ___ _ _

Steel (0.2!) 1360 1300 0.041 0,119

Aluminum 0.125 2980 1880 0.459 1.326
0 25 2200 V., 0 I 0.1417 1.2o~4
0.375 1L860 1340 0 0330 0.953
0.50 1560 1200 0.262 0.758

CON7 ENIAL
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(a) AIR ATMOSPHERE

(b) HEL IUM ATrMOSPHERE

FIG. 2 COMPARISON OF RECORDS IN HELIUM AND AIR ATMOSPHERES
FOR EXPANSION OF UNCASED EXPLOSIVE

SECURITY 13
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,r r

(a) AIR ATMOSPHERE

(h) HELIUM ATMOSPHERE

FIG3 COMPARISON OF RECORDS IN HELIUM AND AIR ATMOSPHERES
FOR EXPANSION OF 0.005 IN. ALUMINUM CYLINDER

SECURITY 14
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FIG. 4 TRANSLATION FROM MOVING COORDINATE SYSTEM TO
FIXED COORDINATE SY-STEM IN CALCULATING CYLINDER VELOCITY
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APPENDIX

ADJUSTMENT OF OBSERVED FAPANSION BECAUSE
OF REFRACTIVE INDEX CHARGES

1. In the cylinder expansion a shock wave is set up in the
air in front of the expeaidin4. case. Thi3 shock "travels outward
at a slightiy higher velocity than the cylinder as can be
seen in Figures 2 and 3 The gas behind the .ihook front Ls
compressed and therefore has a higher rePract:Lve index. .his
change of refractlve index has the effect ot apparently
increasiln the true radius of the expanding c:rlinder, RI, to
an observ=d radius R2, as sho;r;n in Figure 9.

2. TIo obtain an :stijte of' the distortion the hock wave--
cylinder configuration of Figure 9 is assumed, It Is fur4her
assuned that the density of air and hence the refractive :..ndex
tehind the shock 1s constant and tihat tho expavnsion angle of
the ca;ie is srlall, laea i- i- seen that

'qz: 5 . - 'fl - -n

* r

where n and n2  are the 2efractive indicies raapectivezr in
front 6f and behind ;he shock, V;j is the obosrved veloci"y,
and V.t is the true velocity of the case,
The K6rentz relation

will give the chaage in refractive index across the two
regions, Ai3umi. w refractive Index of air for standard
conditions .' 30C, 760 mm) nI - i.00027, then n2 and T
for d1:fevent val.tes of P/p, wnere 2, and are air
densities in front of and behind the shock, are as follows:

Py 1 5 10 25 50

14 1.00027 1.00135 1.00270 1,00675 190135

M 1 1.00108 1.00243 1-0065 1.0133
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Thus if is known the distortion can bi obtained
directly as n.

3. An upper linlt to the dietortion can 7e obtained by
considering the one-dimension supersonic comp:7esslonal flow
example, Rnfe -ence (m). This will over estimate the den3ity
Increase behind the shock point because no act.ounmt is taken
of flow into the (.iverging volume elemenza as;ioclated with the
cyiindi,'ca. '-steit, and tlie pisiton velocity iI the flow example
i taken con.-iderz&bly grei'ter than the ca se velocity. In the
flow exampls with U /c> .I, where Up is the piston velocity and
c is the !nitial Veloclty of sound for the ga;;, the shoCk
velcclty !,nd ratio of den.3tlea, pressres, mid temperatLres in
front of inn. behind the 3hock front are given by

jb L
p- 1. .i

1,-- ,.. ,.

.0 1 _:"T±he numerical values are for ranging from 2500 to 5000

qe~t/secondo Taking only the change in densi;y

The distortion would thus be on the ordei' of 0.1 per cent. Note,
however, that the heating is considerable. The change of
rafractive index is not laiown for such a wide temperattue change,
Small Increases in temperature of a medium at room temperature
-p'oocces ) decreaae in its refractive Index. It is s~and here
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that the la& ge temperature change does not move an absorption
band of air close to the light band being observed so that the
temperature effect is small, It is believed thzt the
distortion Its considerably less than 1 per cent, No refractive
index correction has been made for the date.

i4, it is Pointed out that while a distorted rat~ius is pre~ioted
as the cy-2iider just starts expanding the chock wave at this time
is at the crlinder or only very little 3eplrrated. from it sc, that
the observed radius Is the Vtr-ue 1alu. Aa the cylinder sta.rts
expanding the 3hock wave is esentially opaque End the shock
expansion i*;self Is3 obLoervezt. As the corapreaze. region becomes
thickcer, refracted l.ight ray3 can pass over the cylinder tbrough
the shocked region baneath thie &ohockc front. The shock wfave
ima~ge then aeparates from the cylinder 3ihacdow. It i3 only
after a "steadir state" conditlon Is reached. (after tranaiticni
fron oloserv-Ing shock rc.diu3 to cylinder r'adius) that velocity
nieaouremnents; can be wade. Vigure J.0 cc:.ipalea ti~e behavior of the
observed cyLinder radius pre~dicted by the formaula to that
expcecte-d from a conslt:eratl.on oiO rel>:ction In E:shocked region
withi shaock velocity 1 .2 ti-ec cj,1indei' %relcatty aind an effective
refractive .ndex of 1.0065.
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1 LOWEST RAY COMING
T n2 FROM BEHIND CYLINDER

R2. SIN 1 ~z n
R, SINr n

EX ANDING CYLINDER

FIG.9 DISTORTION OF OBSERVED CYLINDER RADIUS
PRODUCED BY CHANGE OF REFRACTIVE INDEX
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RA - OBSERVED EXPANDED RADIUS

- - RT 'TRUE EXPANDED RADIUS

R-INITIAL RADIUS

R~A CONSIDERING GROWTH

-.c R4_:Ts OF S"OCK( WAVE I I_

1.00 1.05 IT 1.10

FIG. 10 THE EFFECT OF FINITE INITIAL SHOCK RADIUS ON
THE DISTORTION OF THE OBSERVED CYLINDER RADIUS

(U SHOCKs 12 U CYLINDER)
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